A lthough efflux pumps are notorious for transporting clinically relevant antibiotics, there is great interest in identifying the natural substrates and inducers of these systems (1, 2) . In some Gram-positive Streptomyces species, known for their production of small-molecule antibiotics and pigments, genes for antibiotic biosynthetic enzymes are found in large clusters, which can also contain genes encoding efflux pumps and regulatory proteins that control expression of adjacent loci. Efflux pumps have been implicated in the transport of, and resistance to, antibiotics such as actinorhodin, daunorubicin, and oxytetracycline in their streptomycete producers (3) (4) (5) (6) . In several cases, either the antibiotic itself, an intermediate in antibiotic synthesis, or compounds with structural similarities to the antibiotic have been demonstrated or inferred to be inducers of pump expression (3, 4, 7, 8) .
For most well-studied efflux pumps from Gram-negative bacteria, on the other hand, the hypothesized natural or ecologically relevant substrates remain mysterious. Recent evidence suggests that Pseudomonas aeruginosa MexAB-OprM and MexEF-OprN transport intercellular signals and/or intermediates formed during their synthesis (9, 10) . Two systems in enteric bacteria-the VexAB pump of Vibrio cholerae and the Acr(Z)AB-TolC pump of Escherichia colihave been linked to protection from accumulated metabolic intermediates and fatty acids and bile salts found in the gut (11) (12) (13) (14) . In the enteric systems, regulators have been identified that mediate induction of these pumps in response to their substrates (11, 15) . However, discrete mechanistic connections between activators, regulators, and efflux pumps have not been clarified in most cases, especially for endogenously produced substrates. P. aeruginosa is an opportunistic pathogen that causes biofilmbased infections with devastating effects (16) . This Gram-negative bacterium synthesizes phenazines, redox-cycling antibiotics that affect redox homeostasis and gene expression in both the producer and hosts (17) (18) (19) (20) (21) (22) . Several years ago, our group showed that pyocyanin (5-N-methyl-1-hydroxyphenazine), the most wellknown P. aeruginosa phenazine (23) , activates the redox-active transcription factor SoxR and thereby induces expression of a small regulon that includes the RND (resistance-nodulation-division) efflux pump-encoding operon mexGHI-opmD (hereafter referred to as "mex") (24, 25) . As this was, to our knowledge, the first demonstration of SoxR homolog activation by an endogenous metabolite, it led to a reevaluation of the physiological activators of SoxR in E. coli, where previous studies had led to a long-standing model of SoxR activation by superoxide (typically generated by xenobiotics) (26) (27) (28) (29) . Although still under discussion in the community (30) (31) (32) (33) , the current prevailing view is that endogenously produced or exogenously added redox-cycling compounds activate SoxR by direct oxidation of its iron-sulfur cluster and that the SoxR targets, or targets of transcription factors controlled by SoxR, function to protect cells from at least some of these inducing compounds (28, 34) .
We recognized the potential of the P. aeruginosa phenazine/ SoxR/MexGHI-OpmD system as a model for regulation of Significance Efflux-based drug resistance complicates the treatment of infectious diseases and cancers. Cellular exposure to ecological toxins or reactive metabolites may influence the conservation and activity of efflux pumps. Yet, for most such systems, we know very little about their natural substrates and the signals controlling pump expression. Using diverse approaches, including a chip-based method of electrochemical detection, we show that the endogenous and reactive antibiotic 5-methylphenazine-1-carboxylate (5-Me-PCA) is transported by the efflux pump MexGHI-OpmD in Pseudomonas aeruginosa. Furthermore, we demonstrate that 5-Me-PCA activates expression of its cognate transporter and that it is required for normal P. aeruginosa biofilm morphogenesis. Our results provide insight into mechanisms of selfresistance and determinants of multicellular behavior in this major cause of biofilm-based infections. endogenous natural product transport and self-protection in a Gram-negative producer of antibiotics. Initial characterizations have implicated MexGHI-OpmD in the export of several types of compounds: xenobiotics, including the antibiotic norfloxacin and the heterocyclic dye acriflavine (35) ; a precursor or derivative of the Pseudomonas quinolone signal (PQS) (36) ; and uncharacterized red pigments thought to be derived from 5-methylphenazine-1-carboxylic acid (5-Me-PCA) (37). 5-Me-PCA, a reactive compound with a higher redox potential than the well-studied P. aeruginosa phenazines, has not been fully purified from wild-type P. aeruginosa cultures, although various observations indicate that it is the intermediate between phenazine-1-carboxylate (PCA) and pyocyanin in the phenazine biosynthetic pathway (38) (39) (40) . Among these are the facts that the red phenazine aeruginosin A (5-methyl-7-amino-1-carboxyphenazinium betaine) is overproduced by P. aeruginosa phzS mutants (41, 42) , which lack the hydroxylase required to convert 5-Me-PCA to pyocyanin (43, 44) , and that E. coli expressing phzM converts PCA into a red pigment (42) . Interestingly, the gene required for production of 5-Me-PCA from PCA, phzM, is located next to the mex operon on the P. aeruginosa chromosome (Fig. 1A) an arrangement that is common for genes encoding (i) efflux pumps and (ii) biosynthetic enzymes that generate efflux pump substrates (8) . This genetic organization prompts the hypothesis that 5-Me-PCA is the natural substrate of MexGHI-OpmD. In this study, we investigated the role of MexGHI-OpmD in P. aeruginosa PA14 during colony biofilm morphogenesis on agarsolidified medium, a process strongly influenced by phenazine production, and during growth in liquid culture. These analyses used diverse approaches including an electrochemical method for specific detection of naturally produced 5-Me-PCA released from multicellular PA14 communities. Results of these studies suggest that 5-Me-PCA and the structurally similar, synthetic compound phenazine methosulfate (PMS) are substrates of MexGHI-OpmD. Our observations also indicate that, among the phenazines produced by P. aeruginosa, 5-Me-PCA and 5-Me-PCA derivatives other than pyocyanin lead to the highest induction of mex and that this operon is required for 5-Me-PCA resistance. We present results supporting the hypothesis that 5-Me-PCA is the primary physiological substrate of MexGHI-OpmD and demonstrate a role for this efflux pump in P. aeruginosa self-resistance to a relatively high-potential and reactive product.
Results
MexGHI-OpmD and 5-Me-PCA Play Roles in P. aeruginosa PA14 Colony Morphogenesis. In published work, we have used a colony morphology assay to study the contributions of SoxR, SoxR targets [including the mexGHI-opmD operon (mex)], and phenazines to P. aeruginosa PA14 biofilm development. In this assay, a 10-μL droplet of a PA14 cell suspension is used to inoculate agarsolidified medium containing the dye Congo red, which binds to biofilm matrix (19, 37) . Over several days of incubation at room temperature, wild-type PA14 first forms a smooth colony. Concentric ridges appear on the colony surface starting on day 3. We have previously reported that the initiation of wrinkling is delayed in PA14 Δmex mutant colonies relative to those of the wild type (Fig. 1B) , which we interpret as a phenazine-toxicity effect, as this mutant also shows an extended lag phase in liquid culture but only if the mutant can also produce phenazines (37) .
MexI, MexH, and OpmD are inner membrane, periplasmic, and outer membrane proteins (Fig. 1A) , respectively, that bear homology to their respective counterparts in other RND-family efflux pumps. MexG is an anomalous cytoplasmic membrane component with unknown function. We tested mutants with disruptions in each gene of the mex operon and found that MexH and MexI were required for wild-type colony morphology, whereas OpmD and MexG were not (Fig. 1C) . Complementation of the mexH transposon-insertion strain by chromosomal restoration of the wild-type allele showed that this phenotype could be attributed to disruption of the mex operon (SI Appendix, Fig. S1 ). The dispensability of OpmD is consistent with prior observations that outer membrane components of RND efflux pumps are interchangeable; given that the P. aeruginosa genome encodes several of these proteins, heterologous complementation by other porins is likely (45) .
We have also previously reported that a PA14 mutant unable to produce PCA and therefore all phenazines (Δphz) exhibits a unique colony morphology phenotype in that it begins to wrinkle on day 2, forming disorganized ridges in the colony center that are surrounded by radial spokes emanating from the center (Fig.  1D) (19, 37) . As phenazines have been shown to support intracellular redox balancing and survival in electron acceptorlimited PA14 cultures (17, 46) , we interpret the Δphz phenotype as a response to oxidant limitation that increases the colony surface-to-volume ratio and access to oxygen for resident cells. Phenazines in wild-type biofilms that accept electrons from cells in anoxic biofilm subzones could (i) diffuse into oxic zones to react with oxygen and/or (ii) transfer electrons to other phenazines repeatedly until they are ultimately transferred to oxygen in the oxic zone. Either of these scenarios would allow cells in anoxic biofilm subzones to use phenazines as mediators to access electron acceptors that are not available in the immediate environment (19) .
We tested whether 5-Me-PCA or other PA14 phenazines make differential contributions to biofilm morphogenesis by growing mutants with disruptions in the phenazine biosynthetic pathway in the colony morphology assay. The combinations of phenazines produced by these mutants can be discerned from the biosynthetic pathway depicted in Fig. 1D . [Additional derivatives that may be produced as side products of this pathway, such as phenazine-1,6-dicarboxylic acid and 1-hydroxyphenazine, are not represented (42, 47) .] The ΔphzM biofilm exhibited similar wrinkling but less spreading compared with the Δphz biofilm, suggesting that PCA and/or PCN inhibit spreading but that they are not sufficient for wild-type colony development (Fig. 1D) . Surprisingly, the ΔphzS colony biofilm, which produced 5-Me-PCA in addition to PCA and PCN, showed a wild-type morphology. This result was unexpected because the product of PhzS, pyocyanin, is the best studied P. aeruginosa phenazine and supports survival in liquid-culture models under oxygenlimited conditions considered relevant for biofilms (17, 46) . The ΔphzS colony morphology phenotype observed here reveals the importance of 5-Me-PCA production in biofilm morphogenesis.
The mex operon is adjacent to the phzM gene (Fig. 1A) , encoding the N-methyltransferase presumed to convert PCA to 5-Me-PCA (43) , in the P. aeruginosa genome, suggesting that 5-Me-PCA is a substrate of MexGHI-OpmD. We created combinatorial mutants lacking the mex operon and genes involved in phenazine biosynthesis and examined their development in the colony morphology assay (Fig. 1E) . We found that the deletion of mex leads to delayed wrinkling solely in strains capable of producing 5-Me-PCA (i.e., strains that contain the phenazine biosynthetic enzymes PhzA-G and PhzM) (43, 44) .
MexGHI-OpmD Contributes to Fitness in Shaken Liquid Cultures When
N-Methylated Phenazines Are Produced. To further examine the role of MexGHI-OpmD in the context of 5-Me-PCA production, we grew combinatorial mutants affected in phenazine biosynthesis and MexGHI-OpmD activity in liquid cultures, individually and in competition. All mutants examined in these assays were derived from the ΔphzH parent strain, which is incapable of producing PCN and therefore may shunt more PCA toward PhzM-catalyzed N-methylation (48) . In pure cultures, we found that the ΔmexΔphzH mutant exhibited an extended lag phase relative to the ΔphzH mutant, whereas the ΔmexΔphzHM mutant exhibited growth identical to that of ΔphzHM ( Fig. 2A) . In competition assays, the ΔmexΔphzH mutant showed a fitness disadvantage when competed against ΔphzH, whereas the ΔmexΔphzHM mutant showed no disadvantage when competed against ΔphzHM. A time course of colony-forming unit (cfu) counts confirmed that the benefit of MexGHI-OpmD arises specifically in late stationary phase in strains with an intact phzM gene (Fig. 2B ). In these experiments, phenazine production became detectable by HPLC analysis at the 12-h time point, ∼6 h before the disadvantage of the ΔmexΔphzH mutant became detectable by cfu counts. Control experiments competing each strain against itself and reversing the strain tagging (using the YFP label on the opposite strain) further supported this conclusion (SI Appendix, Fig. S2 ). These results suggest that 5-Me-PCA and/or its derivative is a substrate of MexGHI-OpmD and that the accumulation of this compound is toxic to PA14.
The Synthetic Phenazine PMS Modulates PA14 Colony Development at Subinhibitory Concentrations. 5-Me-PCA is a reactive compound that is difficult to purify and maintain in the laboratory (39, 40) . Previous studies of 5-Me-PCA metabolism have therefore used the structurally similar, synthetic phenazine PMS (49) (Fig. 3A) . We wondered whether, at subinhibitory concentrations, PMS would have an effect similar to that of 5-Me-PCA in the colony morphology assay. We grew wild-type and Δphz biofilms on agarsolidified media containing a range of concentrations of PMS, then resuspended the biofilms and plated for cfus. PMS at 100-200 μM, a range comparable to concentrations observed for natural phenazines (18), did not adversely affect the viability of cells in Δphz colonies (Fig. 3B) . At 200 μM, PMS promoted smooth colony formation in the Δphz mutant. This result shows that low, noninhibitory concentrations of PMS can substitute for endogenously produced phenazines in preventing the wrinkled colony morphology characteristic of the phenazine-nonproducing mutant. However, at higher PMS concentrations, we observed an effect on biofilm coloration (less Congo red binding) and a drop in cfus that was more pronounced in Δphz. The increased resistance of the wild type (compared with Δphz) to higher concentrations of PMS may arise from preinduction of self-resistance mechanisms by endogenous phenazines in cultures used to inoculate PMS plates.
Select PA14 SoxR Regulon Mutants Show Sensitivity to PMS. In a recent study examining the physiology of the SoxR-mediated response in P. aeruginosa, the phenazines pyocyanin, PCA, and PMS were found to activate SoxR-dependent gene expression (32) . However, a P. aeruginosa ΔsoxR mutant did not show increased sensitivity to pyocyanin compared with the wild type in a toxicity assay. Here, we further characterized the SoxR-mediated response to individual phenazines by first growing the P. aeruginosa PA14 wild type and a ΔsoxR mutant on agar-solidified media containing various concentrations of pyocyanin, PCA, and PMS. We also tested sensitivity to paraquat, historically recognized as a SoxR inducer in E. coli (26, 27) . Paraquat is a broadly toxic, synthetic redox-cycling compound that generates intracellular reactive oxygen species. We found that the ΔsoxR mutant showed little or no sensitivity to PCA, pyocyanin, and paraquat but a strong sensitivity to PMS ( Fig. 4A and SI Appendix, Fig. S3A ). Wild-type PA14 showed no sensitivity to PMS.
Next, we tested which of the SoxR-target loci contribute to PMS resistance by growing various mutants on agar-solidified medium containing this phenazine (Fig. 4B ). P. aeruginosa SoxR regulates three targets: the mexGHI-opmD operon (PA4205-PA4208) (mex); PA2274, which encodes a putative monooxygenase; and PA3718, which encodes a major facilitator superfamily (MFS) transporter (24) (ORF numbers refer to those from P. aeruginosa PAO1). The individual Δmex and ΔPA2274 mutants showed growth defects, but these were less severe than that of ΔsoxR. Growth of the ΔPA3718 mutant was identical to that of the wild type. The defect of the ΔmexΔPA2274 double mutant was more severe than that of the individual Δmex and ΔPA2274 mutants. Growth phenotypes of the ΔmexΔPA2274 double mutant and the triple mutant lacking all SoxR targets were identical to each other and to the growth phenotype of the ΔsoxR mutant, demonstrating that the combination of mex and PA2274 is sufficient for wild-type PMS resistance. Finally, Δphz showed a growth delay in this assay that was comparable to that of the ΔsoxR mutant (Fig. 4B ). Because Δphz does not display a growth delay in the absence of PMS (SI Appendix, Fig. S4 ), we speculate that SoxR is induced by endogenous phenazines in liquid cultures and thereby confers protection when these cultures are spotted on a PMS-containing medium. The sensitivities of SoxR target mutants were also demonstrated by a filter disk assay for PMS-dependent growth inhibition of Δphz strains in which soxR or SoxR target genes were also deleted (SI Appendix, Fig. S3B ). Notably, ΔPA2274 had a defect when grown in the presence of PMS but not on PMS-free medium ( Fig. 4B and SI Appendix, Fig. S3B versus Fig. S4 ) (37) .
PhzM, but Not PhzS, Is Necessary and Sufficient for Full Induction of mexGHI-opmD. The roles of MexGHI-OpmD in supporting PA14 biofilm morphogenesis and in protection from N-methylated phenazines raise the question of whether 5-Me-PCA and possibly also its derivatives other than pyocyanin specifically activate SoxR and thereby stimulate mex expression. To test this question, we moved a reporter construct that expresses GFP under the control of the mex promoter into strains with deletions in various phenazine biosynthetic loci. Analysis of GFP expression during growth in liquid cultures ( showed increased levels specifically in strains with intact phzM genes, indicating that phzM is necessary and sufficient for full induction of mex. These results support a simple, elegant model in which the PhzM product(s) directly induces expression of its cognate transporter.
MexGHI-OpmD Supports Release of Red 5-Me-PCA Derivatives. In an earlier study, Aendekerk et al. (36, 50) characterized P. aeruginosa PAO1 mutants with disruptions in mexI and opmD. These mutants showed extended lag phases in liquid culture compared with the wild type, consistent with our previously published (37) and present work, and were defective in the production of 2-heptyl-3-hydroxy-4-quinolone (i.e., PQS). The growth phenotypes of combinatorial PAO1 mexI mutants with defects in PQS biosynthesis led Aendekerk et al. to implicate MexGHI-OpmD in the export of the PQS precursor anthranilate or a toxic derivative thereof (36) . However, we measured the levels of PQS in P. aeruginosa PA14 wild type and Δmex mutant whole colonies and found that PQS production in our system was unaffected by deletion of mexGHI-opmD (SI Appendix, Fig. S7A ). We also observed no deficiency in pyocyanin production in the mex mutant of PA14 compared with wild-type PA14, whereas Aendekerk et al.
reported that a mex mutant of PAO1 was markedly deficient in pyocyanin release. The discrepancies in these results may have arisen from strain-or condition-dependent effects. Wild-type PA14 colonies grown on 1% tryptone, 1% agar medium release an uncharacterized combination of red compounds that likely includes the phenazines aeruginosin A and aeruginosin B (5-methyl-7-amino-1-carboxy-3-sulfophenazinium betaine) (38, 39, 41, 42) . Red phenazine production requires PhzM and increases when PhzS is not functional, suggesting that these compounds are produced from 5-Me-PCA (42) . We prepared aqueous extracts from the agar underlying ΔphzH and ΔphzHM colonies and determined the emission maximum of PhzM-dependent red phenazines to be 620 nm (when excited at 510 nm) (SI Appendix, Fig. S7 B and C) . We then used this method to quantify relative levels of red phenazines produced by these mutants and the ΔphzHΔmex mutant. Consistent with our previously reported results (37), disrupting mex led to a marked decrease in the amount of red phenazine released from colonies (SI Appendix, Fig. S7D ). These results implicate mex in the transport of 5-Me-PCA and/or 5-Me-PCA-derived red phenazines.
MexGHI-OpmD Supports Release of 5-Me-PCA. To determine whether 5-Me-PCA itself is a substrate of MexGHI-OpmD, we first used a 5-Me-PCA bioassay in which P. aeruginosa biofilms are grown on top of Candida albicans lawns. Under this condition, C. albicans takes up 5-Me-PCA, which is then modified to yield a red, fluorescent derivative thought to largely arise from covalent linkage of 5-Me-PCA to amine residues on C. albicans intracellular proteins (Fig. 5A) (49, 51) . Although wild-type PA14 stimulated the formation of red pigments in C. albicans, Δmex did not (Fig. 5B) . Mutants representing individual Mex-GHI-OpmD subunits produced results that correlated with their colony morphotypes (SI Appendix, Fig. S8 and Fig. 1C) , and complementation of the mexH transposon-insertion strain showed that its phenotype could also be attributed to disruption of the mex operon (SI Appendix, Fig. S8 ). The inability of Δmex to release 5-Me-PCA was confirmed by recovering C. albicans cells after coculture with wild type and various P. aeruginosa mutants in this assay and using flow cytometry to count cells exhibiting increased 5-Me-PCA-dependent fluorescence. The mean fluorescence intensity of C. albicans cells cocultured with Δmex was 75% lower than that of C. albicans cells cocultured with the wild type (Fig. 5C ).
We next endeavored to directly measure 5-Me-PCA release from various strains. Due to its reactivity and polarity, detection of this compound in supernatants and extracts from bacterial cultures has been technically challenging (39, 40) . We developed an HPLC-based method for 5-Me-PCA detection and compared liquid culture supernatants from the ΔphzH mutant (expected to produce 5-Me-PCA at levels higher than the wild type) to those obtained from the ΔphzHM mutant (which cannot produce 5-Me-PCA). 5-Me-PCA was identified as a unique peak found specifically in the ΔphzH mutant, eluting at 6 min (SI Appendix, Fig. S9 A  and B) . Applying our HPLC assay to quantification of phenazines released by the ΔphzH and ΔmexΔphzH mutants, we detected a decrease in 5-Me-PCA release in the absence of Mex (Fig. 6A) .
As 5-Me-PCA is considered a reactive intermediate of phenazine biosynthesis (44), it does not accumulate in wild-type cultures but might be expected to accumulate in our ΔphzHS mutant, which is unable to convert 5-Me-PCA or its precursor, PCA, into pyocyanin or PCN, respectively. We conducted a growth experiment in liquid culture to examine changes in 5-Me-PCA over time. Liquid cultures of the ΔphzHS mutant exhibit a lime-green color in the early and midstationary phase (SI Appendix, Fig. S10C ). Chemically synthesized 5-Me-PCA and the 5-Me-PCA analog PMS are yellow (52) , and PMS takes on a bright green color upon reduction (53) . Accumulation of a reduced form of 5-Me-PCA could occur under the reducing conditions prevailing in the highcell density, oxygen-limited conditions of stationary phase cultures; if reduced 5-Me-PCA is green, this could account for the coloration of ΔphzHS cultures. We performed chloroform extractions on culture supernatants taken over the course of ΔphzHS growth and used HPLC to follow the distribution of phenazines in the aqueous and organic phases. The concentration of 5-Me-PCA in aqueous extracts peaked at the 9-h time point (when culture supernatants are green) and decreased over the rest of the experiment. Consistent with the decrease in 5-Me-PCA at time points when supernatants are red, we propose that the red color arises from modification of the 5-Me-PCA (SI Appendix, Fig. S10C ). In samples taken after 8 h, we also observed a compound in the organic phase that eluted at the same time as 5-Me-PCA, with an absorbance spectrum that differed slightly from that of 5-Me-PCA (SI Appendix, Fig. S10 A, B, and D) . The presence of MOPS [3-(N-morpholino) propanesulfonic acid] in our medium held the pH at 7, indicating that the appearance of the compound in the organic phase could not be attributed to pH-dependent effects on 5-Me-PCA similar to those described previously (40) . The appearance of the hydrophobic phenazine derivative may be influenced by other aspects of the chemistry of the culture medium (i.e., oxygen availability) or regulation of uncharacterized phenazine transformations.
The defect in 5-Me-PCA release displayed by Δmex (Figs. 5C and 6A) indicates that deleting mex either (i) disrupts transport of 5-Me-PCA by MexGHI-OpmD or (ii) indirectly affects total 5-Me-PCA synthesis, leading to decreased extracellular levels. To distinguish between these possibilities, we sought to measure intracellular phenazine concentrations. Due to the chemical complexity of cell lysates, we could not use HPLC to detect phenazines in these samples and instead used square wave voltammetry (SWV), a linear potential sweep voltammetry that measures the redox current of a working electrode as its potential is swept relative to a reference electrode (48) . Currents are sampled in a manner that reduces the effect of charging currents. First, we verified that SWV applied to culture supernatants could detect differences in 5-Me-PCA release between the ΔphzH and ΔmexΔphzH mutants (Fig. 6B) . Next, we used SWV to measure phenazines in lysates and found that intracellular 5-Me-PCA levels in ΔmexΔphzH were comparable to or slightly higher than those in ΔphzH (Fig. 6C) , even though extracellular 5-Me-PCA levels are lower in ΔmexΔphzH relative to ΔphzH. We note that electrochemical detection methods show that the ΔmexΔphzH mutant also releases more pyocyanin than the ΔphzH mutant, suggesting a shunt of accumulated 5-Me-PCA toward PhzS-catalyzed hydroxylation (37) (Fig. 6 B and D) .
These results support a model in which mex deletion does not affect 5-Me-PCA synthesis but rather its transport out of the cell. We attempted detection of 5-Me-PCA release from colonies by conducting HPLC analysis of extracts from the underlying agarsolidified growth medium. However, we were unable to detect 5-Me-PCA using this method (SI Appendix, Fig. S9C ), possibly due to degradation or modification during the prolonged agar extraction protocol. Thus, we sought to demonstrate a role for MexGHIOpmD in 5-Me-PCA release from colonies by using an integrated circuit (IC) chip, an electrochemical metabolite sensing platform recently developed by our group (48, 54) . This technique enables direct detection of phenazines as they are released from the biofilm using the same SWV-based electrochemical detection modality described earlier, eliminating the need for agar processing and extraction steps that may allow conversion of 5-Me-PCA to other derivatives before HPLC analysis (SI Appendix, Fig. S11 ). In a significant advantage over many other methods, it also provides information about the spatial distribution of metabolites released from intact multicellular samples. Electrochemical imaging showed that 5-Me-PCA was localized to a region near the edges of both the ΔphzH and ΔmexΔphzH biofilms, with less total 5-Me-PCA detected in ΔmexΔphzH (Fig. 6D) . The specific localization of 5-Me-PCA, in comparison with the more even distribution of pyocyanin, suggests that this patterning is relevant for the unique effect of 5-Me-PCA on colony morphology (Fig. 1D) . Furthermore, the dependence of colony biofilm 5-Me-PCA release on MexGHIOpmD activity is consistent with the delayed-wrinkling phenotypes exhibited by Δmex mutants that produce 5-Me-PCA (Fig. 1E) .
Discussion
The opportunistic pathogen P. aeruginosa produces phenazines, antibiotics that contribute to virulence not only by directly damaging host tissues but also by enhancing pseudomonad fitness during host colonization (18, 21, 22, 46, 55) . In particular, P. aeruginosa is well known for production of the bright blue phenazine pyocyanin, which contributes to the coloration of sputum and pus associated with infections. Pyocyanin is one of several redox-active compounds that have been shown to activate the redox-sensing transcription factor SoxR (25, 32) . In P. aeruginosa, SoxR induces a small regulon that includes the mexGHI-opmD (mex) operon (24, 25) . We examined the physiological role of MexGHI-OpmD, the RND efflux pump encoded by mex. We found that deleting soxR or mex had little to no effect on the sensitivity of P. aeruginosa PA14 to pyocyanin and the precursor phenazine PCA but rather rendered PA14 sensitive to the synthetic phenazine PMS (Fig. 4 A and B) .
PMS is structurally similar to 5-Me-PCA, an elusive, implied intermediate in the pyocyanin biosynthetic pathway (44). Zheng et al. recently detected 5-Me-PCA in pure P. aeruginosa cultures for the first time using a mutant that overproduces PhzM and reported a redox potential for 5-Me-PCA of +129 mV (vs. NHE at pH 7.0; twoelectron transfer) (40) . Before the Zheng et al. study, the highest redox potential measured for a pseudomonad phenazine had been that of pyocyanin, which is -40 mV (vs. NHE at pH 7.0). The remarkably high redox potential of 5-Me-PCA has implications for our interpretations of its physiological effects. On one hand, this property could make its intracellular accumulation, as would be predicted in Δmex, a harmful condition that leads to oxidation of intracellular metabolites and redox-sensitive proteins. This effect may be responsible for the altered colony development (i.e., persistent smoothness or wrinkling delayed beyond the timing observed for the wild type) and liquid-culture growth and competition defects observed in Δmex strains (Fig. 1, Fig. 2 , and SI Appendix, Fig. S2 ). On the other hand, the redox potential of 5-Me-PCA would make it a favorable mediator for extracellular electron shuttling by cells in electron acceptor-limited biofilm microenvironments: The potential of 5-Me-PCA could theoretically support ATP generation when coupled to the oxidation of electron donors such as succinate in anoxic regions of the biofilm but is also low enough to allow oxidation of 5-Me-PCA by oxygen in oxic biofilm subzones. Our previous work indicates that extracellular electron shuttling by endogenous P. aeruginosa phenazines has a beneficial effect in that it promotes the relatively smooth morphotype of the wild type (19) . Indeed, our results suggest that 5-Me-PCA is the primary phenazine responsible for wild-type PA14 colony morphogenesis (Fig. 1D) , consistent with previous chemical complementation results in which PCA more effectively inhibited wrinkling and spreading of Δphz colonies than pyocyanin (56) (phzM is intact in the Δphz mutant, allowing for conversion of added PCA to 5-Me-PCA). We speculate that 5-Me-PCA supports redox balancing for cells in anoxic biofilm subzones and may contribute to survival in the host. The N-methylation reaction catalyzed by PhzM is unique to P. aeruginosa among the phenazine-producing pseudomonad species studied to date (57) and has important consequences for phenazine chemistry. In P. aeruginosa, the phenazine PCA, which has a carboxylate group, is converted into the zwitterionic 5-Me-PCA. Further conversion to pyocyanin allows for tautomerization to the uncharged form, which increases hydrophobicity and the potential of the compound to cross lipid membranes at neutral pH without the need for a membrane transporter. This property of pyocyanin would agree with our observation that Δmex mutants exhibit a blue-green coloration after prolonged (5 d) coculture on C. albicans lawns, suggesting that deletion of Δmex does not prevent release of pyocyanin. Simple chloroform extractions indicate that pyocyanin and PCA partition readily into the organic phase whereas 5-Me-PCA does not (SI Appendix, Fig. S12 ). As 5-Me-PCA is zwitterionic and reactive under physiological conditions (pH 7), it constitutes a likely substrate of transmembrane efflux pumps, and we have demonstrated that MexGHI-OpmD is a 5-Me-PCA transporter that confers protection from the toxic effects of this unusually reactive phenazine on its producer (Figs. 2, 5, and 6) .
In many antibiotic-producing organisms, resistance mechanisms include derivatization of the antibiotic (7); by analogy, conversion of 5-Me-PCA to the more lipid-soluble pyocyanin could constitute a means of protection rather than a targeted effort to produce this most notorious phenazine. Our systematic analyses of the effects of various phenazine biosynthetic defects revealed an interesting relationship between phenazine chemistry and mex physiology. Delayed colony wrinkling resulting from the mex deletion and strong induction of mex expression are two phenotypes that were both observed specifically in strains with an intact PhzM gene (i.e., strains that produce 5-Me-PCA such as ΔphzH and ΔphzHS) (Figs.  1E and 4C) . We have also observed that deleting mex increases expression of the P mex reporter even further (i.e., increases activation of SoxR) in both the ΔphzH and ΔphzHS backgrounds (SI Appendix, Fig. S13 ). These results imply that delayed colony wrinkling and SoxR induction arise from common intracellular effects and highlight the unique physiology of N-methylated phenazine production.
In this study, we identified 5-Me-PCA as a natural substrate of the RND efflux transporter MexGHI-OpmD. This pump therefore confers resistance to xenobiotic compounds, such as synthetic antibiotics and dyes (35) , and an endogenous P. aeruginosa product (Fig. 2) . Of the several RND pumps encoded by the P. aeruginosa genome, MexGHI-OpmD is distinguished by the organization of its encoding locus. The mexAB-oprM, mexEF-oprN, and mexXY operons each encode one inner membrane component, one periplasmic component, and an optional outer membrane component, all of which play canonical roles in the functions of RND efflux pumps (2) . The mexGHI-opmD operon, however, encodes an additional membrane-associated component (MexG) with unknown functionality. Although we found that MexG was not required for normal export of 5-Me-PCA, we speculate that this protein may act to modulate the specificity of MexHI in a manner similar to that of the AcrZ accessory protein (14) . In experiments examining the resistance of E. coli MG1655 ΔacrB and ΔacrZ mutants to antibiotics commonly used in human medicine, Hobbs et al. showed that AcrZ is required for full resistance to a relatively hydrophilic subset of the antibiotics that are transported by AcrB. It would be interesting to test whether AcrZ is involved in resistance to the fatty acids and bile salts among the suggested ecological substrates of AcrB, particularly considering that acrZ is regulated by a transcription factor that is sensitive to these compounds (14, 15) . Studies elucidating the ecologically relevant or endogenous inducers and substrates of efflux pumps will ultimately help us to better understand their evolution, maintenance in diverse genomes, and critical roles in the physiology of pathogens and malignant host cells (58) (59) (60) .
Methods
Strains and Culture Conditions. Strains used in this study are listed in SI Appendix, Table S1 . For preculturing and genetic manipulation, bacteria were routinely grown at 37°C in Lysogeny Broth (LB) with shaking at 250 rpm (Forma Orbital Shaker, Thermo Scientific) or on LB solidified with agar (15 g/L) (61) . MOPS-LB (50 mM MOPS buffer, 43 mM NaCl, 93 mM NH 4 Cl, 2.2 mM KH 2 PO 4 , 1 mM MgSO 4 ·7H 2 O, 3.6 μM FeSO 4 ·7H 2 O, 20 mM glucose, 20% LB) was used for experiments requiring a semidefined medium. Basal "colony morphology assay medium," used for phenazine sensitivity and colony development studies, contains 1% tryptone, 1% agar, 40 μg/mL Congo red, and 20 μg/mL Coomassie blue. For selection during genetic manipulation, gentamicin was added to the medium at 15 μg/mL for E. coli or 100 μg/mL for P. aeruginosa.
Strain Construction. Plasmids and primers used in this study are listed in SI Appendix, Tables S2 and S3 .
Markerless deletions in specific loci were generated by homologous recombination as described previously (18) . Deletion plasmids were generated using the yeast gap repair method as described previously (18, 62) . The same approach was used to complement the transposon insertion mutant mexH:: tn, with the modification that plasmid pLD1574, instead of pMQ30, was used to replace the disrupted allele with the wild-type sequence.
Strains constitutively expressing eyfp from the P A1/04/03 promoter, for use in competition experiments, were generated using the pAKN69-eYFP plasmid (63) , which was mobilized into PA14 via triparental conjugation. Stationary phase cultures of the donor (BW29427 containing pAKN69-eYFP), recipient, and helper (β2155) strains were mixed in equal ratios, spotted on LB agar containing diaminopimelic acid, and incubated at room temperature overnight. The cells were scraped off the agar using a pipette tip, washed with LB, and plated on selective medium (with 70 μg/mL gentamicin). Resistant transconjugants were screened by PCR for insertion of the reporter construct at the neutral attTn7 site on the PA14 chromosome, and expression of the reporter was verified by fluorescence scanning (Typhoon FLA7000, GE Healthcare).
Strains expressing GFP under the control of P mex were generated by homologous recombination. First, we created a plasmid for homologous recombination into the neutral attB site on the PA14 chromosome. Regions ∼1 kb in size on either side of this locus were amplified using PA14 genomic DNA as a template, whereas gfp was amplified from pYL122 (64) . The fragments were cloned into pMQ30 using homologous recombination in Saccharomyces cerevisiae InvSc1, creating pLD2477. Next, a region ∼500 bp upstream of the mexG start site was amplified and cloned into pLD2477 using SpeI and XhoI, giving pLD2524. This plasmid was moved into various strain backgrounds using the BW29427 donor strain (see SI Appendix, Table  S1 ). Stationary phase cultures of the donor and recipient strains were mixed in 4:1 ratios, spotted on LB agar containing diaminopimelic acid, and incubated at room temperature overnight. The cells were scraped from the agar using a pipette tip, washed with LB, and plated on selective medium. Single recombinants (containing the genomically inserted pLD2524) were grown in LB to exponential phase and then plated on LB agar containing no NaCl and 10% sucrose. Double recombinants (that resolved the plasmid but retained P mex -GFP) were verified by PCR and fluorescence scanning.
Colony Morphology Assay. Ten microliters of overnight precultures were spotted on colony morphology assay medium (described earlier; 60 mL in a 9-cm square plate) and incubated at 25°C, >95% humidity. The colonies were imaged daily using a Keyence VHX-1000 digital microscope. Time-lapse movies of colony development were taken using an iPod running Lapse It software. Images of colonies growing in a humidified chamber in the dark were taken every 15 min. An LED light that was programmed to turn on every 15 min (LabVIEW software) was used to illuminate the colonies for photographing.
Growth Curves. Overnight precultures were diluted 1:100 in fresh LB and grown to exponential phase. The exponential phase cultures were diluted to an optical density (OD) at 500 nm of 0.05 in LB medium and grown for 24 h. The cultures were then diluted 1:200 in 1 mL LB. Two hundred microliters of the diluted cultures were transferred to a sterile 96-well plate (Greiner BioOne, 655001) and incubated at 37°C with continuous shaking on the "fast" setting in a BioTek Synergy 4 plate reader.
Competition Experiments. Overnight precultures were diluted 1:100 in LB and grown to exponential phase. The exponential phase cultures were centrifuged at 2,152 × g for 2 min, washed, resuspended in 1% tryptone, and mixed in 50:50 ratios. Cultures were grown at 37°C with shaking at 250 rpm. At indicated time points, cultures were diluted to 10 −7 -10 −4 and spread on 1% tryptone, 1% agar plates.
PMS Sensitivity. Liquid precultures of each strain to be tested were grown overnight in LB medium. Ten microliters of these precultures were spotted on agar-solidified medium containing 600 μM PMS and incubated at 25°C in the dark. Colonies were imaged at indicated time points using a Canon CanoScan 5600F scanner. For quantification of cfus in colonies, 10 μL of overnight LB precultures were spotted on colony morphology assay medium containing different concentrations of PMS. After 2 d of growth, each colony was scraped from the agar using a razor blade and added to a 1.5 mL screw-cap tube containing 1 mL LB and 0.5 g·1.4-mm acid-washed zirconium beads (OPS Diagnostics, LLC). The colonies were homogenized at the highest setting using a Mini Beadbeater (Biospec Products) for 3 min and diluted in LB. Ninety-microliter aliquots of 10 −4 , 10 −6 , and 10 −7 dilutions were spotted on 1% tryptone, 1% agar plates and incubated overnight at 37°C before colony enumeration.
Sensitivity to Different Phenazines and Paraquat. Phenazines were added to the colony morphology assay medium from stock solutions after autoclaving. Stock solutions of PCA (Apexmol Technology) and pyocyanin (Cayman Chemical) were dissolved in DMSO, whereas PMS (MP Biomedicals) and paraquat (Acros Organics) were dissolved in water. The stocks were diluted so that equal volumes of water or DMSO were added to the medium. Liquid precultures of each strain to be tested were grown overnight in LB medium. Two microliters of overnight cultures were spotted on agar-solidified media containing the indicated concentrations of phenazines and incubated at 25°C, >95% humidity in the dark. After 24 h of growth, colonies were imaged using a Keyence VHX-1000 digital microscope.
Quantification of GFP Fluorescence in P mex Reporter Experiments. For quantification of mex expression in liquid cultures, MOPS-LB overnight precultures were diluted to an OD (500 nm) of 0.01 in MOPS-LB medium in 96-well plates. Plates were incubated at 37°C with continuous shaking on the fast setting in a BioTek Synergy 4 plate reader. GFP fluorescence was detected by excitation at 480 nm and measurement of emission at 510 nm.
For quantification of mex expression in colony biofilms, LB overnight precultures were used as inocula for biofilms grown on 1% tryptone, 1% agar at 25°C, >95% humidity. Colonies were scanned using a Typhoon FLA7000 model scanner (GE Healthcare). GFP fluorescence was detected by excitation at 473 nm and measurement of emission at 520 nm. Fluorescence data were processed using ImageJ.
Extraction and Detection of PQS Produced by Colonies. Ten microliters of stationary phase LB cultures were spotted on polycarbonate membrane filters (Whatman 110606; pore size, 0.2 μm) on colony morphology assay medium and incubated at 25°C, >95% humidity. After 4 d of growth, the filter paper and attached colony were removed from the agar plate with forceps and placed inside a 20 mL scintillation vial containing 1 mL 0.015% acetic acid/ ethyl acetate. The PQS was extracted into the ethyl acetate overnight in the dark at room temperature. The extract was dried using a vacuum centrifuge for 20 min at 60°C. The dried extract was resuspended in 200 μL MOPS buffer (pH 7.3) and analyzed using a BioTek Synergy 4 plate reader. The solution was excited at 340 nm, and the emitted fluorescence was measured from 340 to 800 nm in steps of 10 nm.
Extraction and Detection of Red Phenazines Produced by Colonies. Ten microliters of overnight LB precultures were spotted on solidified medium containing 1% tryptone, 1% agar and incubated at 25°C, >95% humidity. After 2 d of growth, the colonies were scraped from the agar using a metal spatula, and the agar was placed in a 15-mL conical tube and chopped. Red phenazines were extracted into 2 mL of water in the dark at room temperature. Five hundred microliters of extract was removed and centrifuged at 16873 × g for 2 min. The supernatant was filtered through a cellulose acetate membrane (Corning Life Sciences Plastic 8161; pore size, 0.22 μm), and a 200-μL aliquot was analyzed using a BioTek Synergy 4 plate reader. The solution was excited at 510 nm, and the emitted fluorescence was measured from 540 to 800 nm in steps of 10 nm.
C. albicans Bioassay. C. albicans was grown in yeast extract peptone dextrose medium overnight at 30°C. Seven hundred microliters of the culture were spread onto yeast extract peptone dextrose medium 1.5% agar plates and incubated at 30°C for 48 h. Five microliters of LB-grown cultures of P. aeruginosa PA14 wild type and mutants of interest were spotted onto C. albicans lawns and incubated 24 h at 30°C (51), unless otherwise noted. The cocultures were imaged with a Canon CanoScan 5600F scanner. The intracellular fluorescence of C. albicans cultured with or without P. aeruginosa was analyzed as previously described with few modifications (49) . Briefly, fungal cells were sampled and suspended into sterile saline solution (final volume 1 mL) and fixed with 2% paraformaldehyde for 15 min on ice. Cell solutions were washed twice with 1 mL PBS and scanned by flow cytometry in a BD Canto instrument using the R-phycoerythrin (PE-A) channel (excitation, 488 nm). Approximately 10 5 cells were evaluated for fluorescence. Analyses were performed for two independent coculture assays.
Phenazine Detection by HPLC. P. aeruginosa precultures were grown overnight, diluted 1:50 in liquid LB, and grown to exponential phase. The cells were centrifuged at 2,152 × g for 2 min, resuspended in MOPS-LB, and diluted to OD (500 nm) of 0.05 in 50 mL MOPS-LB. Cultures were grown at 37°C with shaking at 250 rpm, and sampling times for individual experiments are indicated in figure legends. Samples were centrifuged at maximum speed, and the supernatant was filtered through a cellulose acetate membrane (pore size, 0.22 μm). A 50-μL sample was loaded on an analytical Waters Symmetry C-18 reverse-phase column (5 μm particle size, 4.6 × 150 mm 2 ). HPLC-based separation was carried out using a gradient of water-0.01% TFA (pH 3.01; solvent A) to acetonitrile-0.01% TFA (solvent B) at a flow rate of 0.4 mL·min −1 using the following protocol: linear gradient from 0% to 15% solvent B for 2 min, linear gradient to 83% solvent B for 20 min, linear gradient from 83% to 100% solvent B for 10 min, and finally a linear gradient to 0% solvent B for 5 min. The total method time was 38 min. The retention times for 5-Me-PCA, pyocyanin, and PCA were 6 min, 13 min, and 25 min, respectively.
Phenazine Detection by SWV. Overnight P. aeruginosa precultures were diluted 1:50 in LB and grown to exponential phase. The cells were centrifuged at 2,152 × g for 2 min, resuspended in MOPS-LB, and diluted to an OD 500 of 0.05 in 50 mL MOPS-LB. Stationary-phase cells were centrifuged at maximum speed, and the supernatant was collected. The SWV signal consisted of the response to a series of forward and reverse voltage steps. The current value at the end of each voltage step was sampled, and the current sample after a forward voltage step was subtracted from the current sample after a reverse voltage step. The resulting signal was plotted as a function of applied potentiostat voltage.
Phenazines released from colonies were detected and quantified by using an IC chip as described in ref. 54 .
Cell Lysis for Quantification of Intracellular Phenazines. Each PA14 culture was grown in 500 mL of MOPS-LB medium to an OD (500 nm) of 3.1 and centrifuged at 6,000 × g for 10 min. Supernatant was removed and the pellet was resuspended in 20 mL MOPS-LB medium. Cells were lysed by two rounds of processing in a Sim-Aminico (Spectronic Instruments) French press at 1,250 lbs/in 2 .
